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We have succeeded in synthesizing two types of new organic radical crystals 3-I-V [= 3-
(3-iodophenyl)-1,5-diphenylverdazyl] and 3-Br-4-F-V [= 3-(3-bromo-4-fluorophenyl)-1,5-
diphenylverdazyl]. Their crystal strucutures were found to be isomorphous to that of pre-
viously reported spin ladder 3-Cl-4-F-V. Through the quantitative analysis of their molecular
arrangements and magnetic properties, we confirmed that these materials form ferromag-
netic chain-based spin ladders with slightly modulated magnetic interactions. These results
present the first quantitative demonstration of the fine-tuning of magnetic interactions in the
molecular- based materials.
Stable open-shell organic molecules have recently attracted considerable attention as
next-generation spin sources for organic magnets,1, 2 radical-based batteries,3, 4 and spin-
tronic devices.5, 6 They are expected to facilitate the design of magnetic materials because
of their wide range of chemical modifications and structural flexibility. However, since their
molecular arrangements are quite sensitive to chemical modifications, a slight difference of a
molecule often changes intermolecular magnetic interactions drastically, which results in the
formation of different magnetic lattices. It is a crucial issue in the design of magnetic materi-
als to understand the essential molecular structures that stabilize molecular arrangements.
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A large number of organic radical materials have been synthesized in the past two decades
through the use of representative free radicals such as nitroxide and nitronyl nitroxide. They
have attracted considerable attention as ideal S = 1/2 quantum spin systems owing to the
low dimensionality of molecular-based material. Some of them have been reported to possess
isomorphous structures with different chemical modifications, which indicates a potential
to fine-tune intermolecular magnetic interactions.7 Recently, we established synthetic tech-
niques for preparing high-quality verdazyl radical crystals and successfully synthesized a
variety of materials forming unconventional magnetic lattices.8–11 The verdazyl radical can
exhibit a delocalized pi-electron spin density even on non-planar molecular structures, which
is an essential property for forming unconventioanl magnetic lattices. This flexibility of the
molecular structure enabled us to design molecular arrangements by chemical modification,
resulting in the fine-tuning of intermolecular magnetic interactions.
The spin ladder is one of the most representative quantum spin systems. The S = 1/2
antiferromagnetic (AFM) spin ladder, which exhibits AFM rung and leg interactions, has
been extensively studied in relation to field-induced quantum phase transitions and high-Tc
superconductors.12, 13 Recent investigations on new copper complexes, BPCB and DIMPY,
have furthered the understanding of S = 1/2 AFM spin ladders and their field-induced quan-
tum liquid phases.14–16 Furthermore, much attention has been given to the interesting contrast
for the associated Tomonaga-Luttinger liquids between strong-leg and strong-rung coupling
regimes, where attractive and repulsive interactions act between spinless fermions, respec-
tively.17, 18 In contrast to such AFM spin ladders, in ferromagnetic (FM) chain-based spin
ladders, where FM chains are coupled by AFM rung interactions, it is uncertain whether a
quantum state can be stabilized because of suppression of quantum fluctuations originating
from the FM chains.19, 20 We previously reported the first experimental realization of an S =
1/2 FM chain-based spin ladder in 3-Cl-4-F-V,8 where the ratio between the rung and the
leg interactions, γ = |Jrung/Jleg|, was evaluated as 0.55. Because 3-Cl-4-F-V has strong-leg
coupling, a model substance that has a strong-rung coupling with γ>0.55 is required to ex-
amine the differences in coupling regimes. Additionaly, further strong-leg couping with a
small value of γ<0.55 is also necessary to clarify the classical magnetic effect of the FM
chains.
In this study, we present two types of new model materials for S = 1/2 FM chain-
based spin-ladder, 3-I-V [= 3-(3-iodophenyl)-1,5-diphenylverdazyl] and 3-Br-4-F-V [= 3-(3-
bromo-4-fluorophenyl)-1,5-diphenylverdazyl], where we successfully modulated γ by chem-
ical modification of the 3-Cl-4-F-V molecule. The ab initio molecular orbital (MO) calcu-
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lation indicated the formation of spin-ladders with slightly different magnetic interactions.
Indeed, we obtained γ = 0.50 and 1.5 from quantitative analysises of the magnetic properties
for 3-I-V and 3-Br-4-F-V, respectively. These results provide the first quantitative demonstra-
tion of fine-tuning of magnetic interaction in organic radical materials and desirable model
substance of S = 1/2 FM chain-based spin ladder with different coupling regimes.
We synthesized 3-I-V and 3-Br-4-F-V using a conventional procedure similar to that used
for preparing the typical verdazyl radical 1,3,5-triphenylverdazyl.21 The crystal structure was
determined by the intensity data collected using a Rigaku CCD Mercury diffractometer. The
magnetic susceptibility and magnetization curves were measured using a commercial SQUID
magnetometer (MPMS-XL, Quantum Design) and a capacitive Faraday magnetometer, re-
spectively. The experimental results were corrected for the diamagnetic contributions -1.86×
10−4 and -2.56 × 10−4 emu mol−1, which are determined based on the QMC analysis (to be
described) and close to those calculated by Pascal’s method, for 3-I-V and 3-Br-4-F-V, respec-
tively. The specific heat was measured using a hand-made apparatus by a standard adiabatic
heat-pulse method for 0.30 K < T < 2.5 K. Considering the isotropic nature of organic radical
systems, all experiments were performed using randomly oriented small single crystals.
Figures 1(a) and 1(b) show the molecular structures of 3-I-V and 3-Br-4-F-V, respectively.
For 3-I-V, the crystallographic parameters are as follows: monoclinic, space group P21/n, a
= 4.905(2) Å, b = 33.149(13) Å, c = 10.964(4) Å, β = 94.091(5)◦,22 whereas for 3-Br-4-F-V,
they are as follows: monoclinic, space group P21/n, a = 5.1529(16) Å, b = 32.894(10) Å, c
= 10.343(3) Å, β = 96.266(4)◦.23 These results indicate that the molecular arrangements of
these materials are isomorphous to that of 3-Cl-4-F-V.8 The verdazyl ring with four nitrogen
atoms, the right side two phenyl rings, and the left side phenyl ring are labeled R1, R2, R3,
and R4, respectively, for both molecules, as shown in Figs. 1(a) and 1(b). It is significant that
both molecules have non-planar structures, and their dihedral angles are listed in Table I with
those of 3-Cl-4-F-V. In these materials, the large covalent radius of the halogens introduced at
the 3-position, which correspond to I, Br, and Cl atoms in 3-I-V, 3-Br-4-F-V, and 3-Cl-4-F-V,
respectively, result in relatively large dihedral angles only in R1-R3, while the other dihedral
angles are comparatively small. These results crucially show that the halogens introduced at
the 3-position define the dihedral angles in the molecules.
Here, attention is directed mainly toward the structural features related to the R1∼R3 rings,
which have relatively large spin densities.8–10 Figure 1(c) shows the remarkable uniform chain
structure along the a-axis in 3-I-V, where the C-C and N-C short contacts less than 3.6 Å
are labeled d1-d3 and listed in Table I. The corresponding contacts for 3-Br-4-F-V and 3-I-
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V are slightly longer and shorter than those in 3-Cl-4-F-V, respectively. In addition, these
molecular arrangements along the a-axis have slight differences in their overlaps, as shown
in Figs. 2(a)-2(c). We can make the differences easily understood in comparison with the
case of 3-Cl-4-F-V, where the electrostatic repulsion between the Cl and F atoms largely
defines the relative configuration of the molecular pair, as shown in Fig. 2(b). For 3-Br-4-
F-V, the Br atom with a larger covalent radius enhances the electrostatic repulsion, which
results in the molecules moving slightly away from each other, as shown in Fig. 2(c). For
3-I-V, because there is no halogen at the 4-position, the two molecules move toward each
other, as shown in Fig. 2(a). Figure 1(d) shows the molecular arrangement viewed along the
uniform chain direction in 3-I-V. The C-C short contacts labeled d4, which are doubled by
an inversion symmetry, connect two neighboring chains to form a two-leg ladder structure,
as shown in Fig. 1(e). Because there are few differences in overlap of molecules between
the three materials, the rung interactions are considered to be directly affected by these short
distances. We performed ab initio molecular orbital (MO) calculations24 and found that the
rung and leg interactions are dominant for both 3-I-V and 3-Br-4-F-V. They are evaluated as
Jrung/kB = 7.8 K and Jleg/kB = −9.4 K (γ = 0.83) for 3-I-V, and Jrung/kB = 8.4 K and Jleg/kB
= −4.8 K (γ = 1.75) for 3-Br-4-F-V, which are defined in the Heisenberg spin Hamiltonian
given by
H = Jleg
∑
i j
Si, j·Si+1, j + Jrung
∑
i
Si,1·Si,2, (1)
where Si, j are the spin operators acting on site i of leg j = 1,2 of the ladder. These results quan-
titatively demonstrate the formation of FM chain-based spin ladders with slightly modulated
magnetic interactions through a perspective of molecular arrangement.
To verify the actual magnetic state, we compare the magnetic properties of 3-I-V and
3-Br-4-F-V with those of 3-Cl-4-F-V. Figure 3 shows the temperature dependence of the
magnetic susceptibilities (χ = M/H). Above 100 K, the Curie-Weiss law is followed, χ =
C/(T −θW). The estimated Curie constants are about C = 0.368 emu· K/mol, which is slightly
smaller than the expected 0.375 emu· K/mol and indicates that the purity of the radicals is
about 98 %, for both 3-I-V and 3-Br-4-F-V. We take these purities into consideration in all
of the following calculations. The Weiss temperatures are estimated to be θW = +4.4(3) K
and −0.8(2) K for 3-I-V and 3-Br-4-F-V, respectively. The observed shift of the broad peak
temperatures indicate the difference of the AFM Jrung values. For 3-I-V, a broad peak of χT 8
caused by the relatively strong FM contribution appears at about 13 K, as shown in the upper
inset of Fig. 3. For 3-Br-4-F-V, the small Weiss temperature indicates a weak mean-field
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due to competition between the FM and AFM interactions, as shown in the lower inset of
Fig. 3. Figure 4(a) shows the magnetization curves. The magnetization curve of 3-Br-4-F-
V exhibits an excitation gap of about 4.5 T. Conversely, the magnetization curve of 3-I-V
indicates the disappearance of the zero-field energy gap owing to the interladder interactions
as seen in that for 3-Cl-4-F-V. Figure 4(b) shows the temperature dependence of the specific
heats at the zero-field with the previously reported result of 3-Cl-4-F-V,8 which indicates a
phase transition to an ordered state at about TN = 1.1 K. For 3-I-V, we found a distinct λ-
type anomaly at about TN = 1.4 K, which clearly indicates a phase transition to an ordered
state. This remarkable phase transition behavior indicates that the contribution of interladder
interactions are enhanced in 3-I-V.
To further examine the magnetic properties, we carried out a quantitative analysis assum-
ing an S = 1/2 FM chain-based spin ladder. We calculated the magnetic susceptibility as a
function of γ = |Jrung/Jleg| by using the quantum Monte Carlo (QMC) method.26 We found
that there was no distinct γ dependence of χ, and χT values are very sensitive to changes in γ,
as shown in the insets of Fig. 3. We then obtained good agreement between experiment and
calculation by using the parameters in Table II, as shown in Fig. 3. Comparing general differ-
ence between experimental and the ab initio values, the obtained parameters can be regarded
as consistent with those evaluated from the MO calculation. The ground states for the models
of 3-I-V and 3-Br-4-F-V are the rung-singlets with the excitation gaps ∆ ≈ 0.5 K and 6.9 K
to the lowest triplet states, respectively. Because the expected value of the energy gap is quite
small for 3-I-V, the inter-ladder couplings cause a disappearance of the energy gap and phase
transition to an ordered state, which results in the deviation of magnetic susceptibility in the
low-temperature region. We calculated the magnetization curves using the same parameters
as in the above analysis.30 We obtained good agreement between experiment and calculation,
while there are some deviations in the vicinity of the zero and saturation fields for 3-I-V, as
shown in Fig. 4(a). For 3-Br-4-F-V, considering the agreement in the value of the magnetic
field corresponding to the energy gap, the interladder interactions are inconsequential for the
intraladder ones. For 3-I-V, since the experimental temperature of 0.5 K is sufficiently lower
than the TN, the difference between the calculated gapped and the actual gapless behaviors is
enhanced.
We confirmed that the value of Jrung is directly affected by the short contact distance d4
between molecules. In the case of the leg direction, there are some differences in molecular
overlaps, as shown in Figs. 2(a)-2(c). The slight change in molecular overlaps is known to
have relatively strong influence on the value of magnetic interaction. Although it is difficult to
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Fig. 1. (Color online) Molecular structures of 3-I-V (a) and 3-Br-4-F-V (b). Molecular arrangement of 3-I-V
viewed along the c- (c) and a-axis (d). Broken lines indicate C-C and N-C short contacts. Hydrogen atoms are
omitted for clarity. (e) Two-leg ladder along the a-axis formed by intermolecular interactions Jleg and Jrung.
relate these differences to the value of Jleg, we can evaluate the relation between the molecular
overlaps and the magnetic interaction from the actual changes in Jleg. In the present case, the
slight shift of molecular overlap away from each other makes Jleg weak, as seen in 3-Br-4-F-
V, while molecular overlap in the direction of approach induces only a small change as seen
in 3-I-V.
In summary, we successfully synthesized new organic radical crystals of 3-I-V and 3-
Br-4-F-V, where we have modified the magnetic interactions of spin-ladder 3-Cl-4-F-V by
chemical modulations. The ab initio MO calculation actually indicated the formation of S
= 1/2 two-leg spin ladder with FM leg interactions. We analyzed the magnetic properties by
using the QMC and DMRG calculations and explained them as the expected spin ladders.
Three types of verdzyl radical crystals, 3-I-V, 3-Cl-4-F-V, and 3-Br-4-F-V, are revealed to
be optimal models of S = 1/2 FM chain-based spin ladders with both strong-leg and strong-
rung coupling regimes. Further experimental studies on their field induced phases will reveal
quantum states in this FM chain-based system and clarify the classical magnetic effect of the
FM chains, which would be significant information for advancing our understanding of the
quantum effect in magnetic materials. Our results present the first quantitative demonstration
of fine-tuning of magnetic interaction in molecular-based organic radical compounds and will
promote synthesis of magnetic materials using similar types of organic radicals as verdazyl.
We thank T. Okubo, M. Yoshida, M. Takigawa, and T. Tonegawa for the valuable dis-
cussions. This research was partly supported by KAKENHI (Nos. 24740241, 24540347, and
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Fig. 2. (Color online) Neighboring molecules along the leg direction viewed in the direction perpendicular
to the verdazyl rings for 3-I-V (a), 3-Cl-4-F-V (b), and 3-Br-4-F-V (c). Broken circles enclose halogens with
relatively strong electrostatic repulsion determining these differences. Transverse lines bring the shift of the
molecules into clear view. The arrows indicate the directions of shifts in comparison to the molecular overlap
for 3-Cl-4-F-V.
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Fig. 4. (Color online) (a) Magnetization curves of 3-I-V and 3-Br-4-F-V at 0.5 K, and 3-Cl-4-F-V at 0.1
K.8 The accompanying solid lines for 3-I-V, 3-Cl-4-F-V, and 3-Br-4-F-V represent the calculated results for
γ = |Jrung/Jleg| = 0.5, 0.55, and 1.5, respectively. (b) Temperature dependence of specific heat at the zero field
for 3-I-V, 3-Cl-4-F-V,8 and 3-Br-4-F-V. The arrows indicate phase transition temperatures.
Table I. Dihedral angles and short intermolecular distances of 3-I-V, 3-Cl-4-F-V, and 3-Br-4-F-V.
material R1-R2 (◦) R1-R3 (◦) R1-R4 (◦) d1 (Å) d2 (Å) d3 (Å) d4 (Å)
3-I-V 16 37 16 3.54 3.47 3.43 3.75
3-Cl-4-F-V 16 34 17 3.58 3.54 3.50 3.69
3-Br-4-F-V 16 36 17 3.60 3.58 3.51 3.67
Table II. Evaluated magnetic parameters and observed phase transition temperatures of 3-I-V, 3-Cl-4-F-V,
and 3-Br-4-F-V.
material |Jrung/Jleg| Jrung/kB (K) Jleg/kB (K) expected gap (K) θW (K) TN (K)
3-I-V 0.50 5.8 -11.6 0.5 4.4 1.4
3-Cl-4-F-V 0.55 7.3 -13.3 1.1 4.5 1.1
3-Br-4-F-V 1.5 12.5 -8.3 6.9 -0.8 not observed
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